2-(2-Cyano-2-phenylethyl)aziridines were converted into novel cis-and trans-2-chloromethyl-4-
phenylpiperidine-4-carbonitriles via alkylation with 1 bromo-2-chloroethane followed by microwaveassisted 6-exo-tet cyclisation and regiospecific ring opening. The latter piperidines were used as eligible substrates for the synthesis of stereodefined 2-chloromethyl-, 2-hydroxymethyl-and 2-carboxymethyl-4-phenylpiperidine-4-carboxylic acids, 2-hydroxymethyl-4-phenylpiperidine-4-
Introduction
The piperidine ring comprises an important structural unit in natural products and biologically active agents, and several thousands of piperidine compounds have been evaluated in clinical and preclinical studies. 1 For these reasons, the search for general, efficient and stereoselective methods for piperidine synthesis has attracted the attention of the organic chemistry community for many years. 2 In particular, 4-arylpiperidines represent an interesting class of biologically relevant compounds, about which numerous examples can be found in the patent literature. 3 4- Arylpiperidines are known to be useful as for example tachykinin antagonists for the treatment of pain and inflammation, 4 and as -1a adrenergic receptor antagonists for the treatment of prostate disorders. 5 Moreover, a number of drugs accommodate a 4-arylpiperidine unit in their structure, such as the analgesic meperidine 1 and the antipsychotic haloperidol 2. From a synthetic point of view, aziridines have proven to be excellent precursors for the preparation of functionalized piperidines. Indeed, intramolecular ring opening of aziridines by a remote amino moiety, 7 and ring opening using Grignard reagents followed by elaboration of the tethered side chain 8 are known strategies for the synthesis of piperidines starting from aziridines. Alternatively,
[3+3]-cycloadditions of Pd-trimethylenemethane complexes with enantiomerically pure aziridines, 9 and aza-[2,3]-wittig rearrangements of vinylaziridines 10 have also been used successfully in that respect.
In this paper, an efficient and direct method toward the novel 2-chloromethyl-4-phenylpiperidine-4-carbonitrile scaffold is presented starting from 2-(2-cyano-2-phenylethyl)aziridines. Piperidine-4-carbonitriles were employed successfully as substrates for the synthesis of a wide variety of stereodefined piperidines ranging from -amino acids and adipic acid derivatives to bicyclic piperidines with biological interest.
Results and discussion
The chemistry of 2-(2-cyanoethyl)aziridines remains an underexplored field of research, as only a few examples have been reported so far. 11 Nevertheless, their synthetic usefulness has been demonstrated recently through the development of a versatile aziridine to cyclopropane ring transformation. 12 In continuation of our interest in 2-(cyanoalkyl)aziridines 12,13 as substrates in organic chemistry, a new protocol for the conversion of 2-(2-cyanoethyl)aziridines into functionalized piperidines was developed.
1-Arylmethyl-2-(bromomethyl)aziridines 4, prepared from the corresponding benzaldehydes in a three-step procedure, 14 are known to be excellent substrates for the synthesis of a variety of 2-substituted 1-(arylmethyl)aziridines. 12,15 Thus, 2-(bromomethyl)aziridines 4 were treated with 1.1 equiv of -lithiated phenylacetonitrile in THF, affording 2-(2-cyano-2-phenylethyl)aziridines 5 as mixtures of diastereomers in good yields. 12b With the intention to introduce a 2-chloroethyl group in -position with respect to the nitrile moiety in aziridines 5, the coupling between 1-bromo-2-chloroethane and aminonitriles 5 was accomplished using 1.2 equiv of lithium diisopropylamide (LDA) in THF, furnishing novel 4-chloro-2- [1-(arylmethyl) aziridin-2-ylmethyl]-2-phenylbutyronitriles 6 and 7 as a mixture of diastereomers ( 1/1) after one hour at 0°C (Scheme 1). Interestingly, diastereomers 6 could be easily isolated from the mixtures by crystallization from ethanol (15-40% yield), and diastereomers 7 were obtained in pure form through column chromatography on silica gel (hexane/EtOAc 3/1, 15-35% yield), allowing their full spectroscopic characterization. The incorporation of a leaving group in -position with regard to the aziridine nitrogen atom renders aziridines 6 and 7 excellent substrates for a 6-exo-tet ring closure toward intermediate bicyclic aziridinium salts, suitable for further elaboration. It should be noted that the α-alkylation of nitriles using 2-chloro-1-haloethanes has been reported scarcely in the literature.
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Interestingly, when heated under reflux in THF, no cyclisation of aziridines 6 and 7 toward piperidines took place. Clearly, a more polar solvent had to be used to allow intramolecular substitution and stabilize the intermediate bicyclic aziridinium ions. In accordance with the previously reported ring opening reactions of non-activated aziridines with benzyl bromide, 12,15d,17 acetonitrile was used as a solvent, and the premised 6-exo-tet ring expansion reaction of aziridines 6 and 7 proceeded nicely under microwave irradiation at 136°C for 30 minutes or, alternatively, in DMSO for 3 hours under reflux applying conventional heating, affording 2-chloromethyl-4-phenylpiperidine-4-carbonitriles 9
and 11 in excellent yields and purity (Scheme 2). The proposed mechanism involves an intramolecular substitution reaction, furnishing bicyclic aziridinium intermediates 8 and 10, followed by regiospecific ring opening by chloride at the less hindered aziridine carbon atom toward 2-chloromethyl-4-phenylpiperidine-4-carbonitriles 9 and 11.
Alternatively, trans-piperidines 11 were isolated more easily performing the 6-exo-tet ring expansion reaction on the diastereomeric mixture of aziridines 6 and 7, as trans-piperidines 11 could be crystallized from the reaction mixture using ethanol as a solvent [40-43% of piperidines 11 starting from 2-(2-cyano-2-phenylethyl)aziridines 5]. The relative stereochemistry of trans-2-chloromethyl-4-phenylpiperidine-4-carbonitriles 11 was unambiguously assigned by X-ray crystallographic analysis of piperidine 11b (See Supporting information). 2-Chloromethyl-4-phenylpiperidine-4-carbonitriles 9 and 11 exhibit a number of interesting structural characteristics, making them suitable substrates for further elaboration. For example, the presence of a cyano substituent at the 4-position of the piperidine backbone provides an entry into conformationally restricted amino acid derivatives. Additionally, the 2-chloromethyl moiety is susceptible to nucleophilic substitution reactions, both intra-and intermolecularly.
-and -Amino acids are known to possess unique pharmacological properties, and their applications as building blocks for the corresponding -and -peptides make these compounds of high relevance in synthetic and medicinal chemistry. 18 Besides their use in peptidomimetics, some -amino acids exhibit strong antibacterial activity (e.g. cispentacin), 18b while -amino acids are used for the treatment of epilepsy, Parkinson disease and schizophrenia (e.g. GABA-analogues). 19 In continuation of our interest in β-amino acid chemistry, 20 intensive efforts were devoted to the development of new entries toward different constrained amino acids bearing a piperidine moiety in their structure starting from the corresponding nitriles. Due to the synthetic utility of nitriles as precursors of 6 carboxylic acids, esters and amides, the search for novel types of functionalized aminonitriles has become an important challenge in organic synthesis.
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In a first part of this work, cis-piperidine 9c was hydrolyzed utilizing a HCl (3M)/HOAc (6M) mixture in water under microwave irradiation for 1 h at 150°C, resulting in the formation of an inseparable mixture of 2-(chloromethyl)-and 2-(hydroxymethyl)piperidines 12 and 13 (ratio 2/3). Subsequently, In addition to cyanide, acetate was used as an oxygen nucleophile for the synthesis of versatileamino alcohols using the same approach as described above. -Amino alcohols comprise an important class of compounds, as this moiety is found in a wide variety of biologically active alkaloids and peptides.
24 Furthermore, -amino alcohols find applications as building blocks in the synthesis of various natural products and pharmaceuticals, 25 and they are useful as chiral auxiliaries for asymmetric synthesis and catalysis. Analogously, trans-piperidine 11c was subjected to a nucleophilic substitution reaction using sodium acetate in ethanol. In this case, the reaction proceeded more sluggishly, and only after 13 hours of reflux the substrate was consumed completely, affording a mixture of trans-6-acetoxy-4-
phenylazepane-4-carbonitrile 25 and trans-2-acetoxymethyl-4-phenylpiperidine-4-carbonitrile 26
(25/26 3/1). Due to the long reaction time, partial formation (26%) of hydrolyzed products 27 and 28
was observed as well under the given reaction conditions, making a full characterization of acetates 25 and 26 impossible. In an attempt to shorten the reaction time, experiments were conducted using microwave irradiation, resulting in a reduction of the conversion time from 13 hours to 20 minutes at 110°C using 2 equiv of NaOAc in EtOH at 200 Watt. Also in this case, the reaction mixture contained a mixture of both the acetates 25 and 26 as major components (74%) and alcohols 27 and 28 as minor impurities (26%).
Again, functional group transformation of the acetate to corresponding alcohol was performed using 2 equiv of LiOH in MeOH for 1 hour at reflux temperature, furnishing trans-6-hydroxy-4-phenylazepane-4-carbonitrile 27 and trans-2-hydroxymethyl-4-phenylpiperidine-4-carbonitrile 28 in 79% yield in a ratio of 3/1 (27/28). Carbonitrile 27 was separated via column chromatography on silica gel, affording a analytically pure sample.
It should be remarked that, starting from cis-piperidines 9a,c, the preferential formation of piperidines 22 was observed, whereas azepane 25 was the major reaction product if trans-piperidine 11c was used as a substrate. This observation can partially be explained considering --stacking in intermediate 8a,c, making an attack at the substituted aziridinium carbon atom more difficult due to steric hindrance. In addition, the polarizability of the nucleophiles might play an important role with regard to the regioselectivity, with cyanide being a strong and acetate a moderate nucleophile. It should be noted that the ring enlargement of 2-(halomethyl)piperidines to 3-substituted azepanes via intermediate aziridinium salts has only been described sporadically in the literature.
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Finally, attempts were made to induce dehydrochlorination of 2-chloromethyl-4-phenylpiperidine-4-carbonitriles 9 and 11, followed by migration of the double bound toward the thermodynamically more stable endocyclic position in order to form tetrahydropyridine-4-carbonitriles. Many bases (KOtBu, NaH, LDA) and solvents (THF, tBuOH, DMSO) were used, but complex reaction mixtures were obtained in all cases.
Next to intermolecular nucleophilic substitutions with cyanide and acetate, an intramolecular reaction of cis-2-(chloromethyl)piperidines 9 was examined, taking advantage of the presence of a nitrile group at the 4-position as a masked aminomethyl moiety. Gratifyingly, treatment of piperidines 9 with 2 equiv of LiAlH 4 in THF afforded 5-phenyl-2,7-diazabicyclo[3.3.1] nonanes 29 as single reaction products (Scheme 6, yields after purification). This conversion proceeded via the formation of an aminomethyl substituent through cyanide reduction, which subsequently induced an intramolecular 6-exo-tet ring closure toward 5-phenyl-2,7-diazabicyclo[3. 
In conclusion, a short and convenient approach toward novel cis-and trans-2-chloromethyl-4-phenylpiperidine-4-carbonitriles is reported starting from 2-(2-cyano-2-phenylethyl)aziridines.
Furthermore, the high synthetic flexibility of these piperidine building blocks was demonstrated by the synthesis of a variaty of stereodefined conformationally constrained amino acids -amino alcohols and unprecedented 2,7-diazabicyclo [3.3.1] nonanes.
Experimental Part
General 1 H NMR spectra were recorded at 300 MHz (JEOL ECLIPSE+) with tetramethylsilane as internal standard.
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C NMR spectra were recorded at 75 MHz (JEOL ECLIPSE+). Mass spectra were recorded on an Agilent 1100 series mass spectrometer using either a direct inlet system (electron spray, 4000 V) or LC-MS coupling (UV detector). IR spectra were recorded on a Perkin-Elemer Spectrum BX FT-IR spectrometer. All compounds were analysed in neat form with an ATR (Attenuated Total Reflectance)
accessory. Melting points were measured using a Büchi B-540 apparatus and are uncorrected.
Dichloromethane was distilled over calcium hydride, while diethyl ether and THF were distilled from sodium and sodium benzophenone ketyl before use. Microwave reactions were performed in a CEM Discover Microwave Reactor (200 W max ) in a 80 ml sealed vessel using a fiber-optic temperature sensor.
Synthesis of 4-chloro-2-[1-(arylmethyl)aziridin-2-ylmethyl]-2-phenylbutyronitriles 6 and 7.
As a representative example, the synthesis of 4-chloro-2-[1-benzylaziridin-2-ylmethyl]-5-phenylbutyronitriles 6a and 7a is described here. To an ice-cooled solution of diisopropylamine (60 mmol, 1.2 equiv) in dry THF (75 ml) was added n-BuLi (1.2 equiv, 2.5 M) via a syringe under nitrogen atmosphere, and the resulting solution was stirred for 15 minutes at 0°C. Subsequently, a solution of 1-benzyl-2-(2-cyano-2-phenylethyl)aziridine 5a (50 mmol) 12b in THF (20 ml) was added via a syringe at 0°C, and the resulting solution was stirred for 1 h at 0°C. Finally, 1-bromo-2-chloroethane (55 mmol, (1.4 mmol) 9c in water (5 ml) was added 3M hydrochloric acid (1.62 ml) and 6M acetic acid (3.42 ml). The mixture was placed in a 80 ml sealed glass vessel, provided with an appropriate stirring bar and subjected to microwave conditions (150°C, 1 hour). Afterwards, the solvent was evaporated under high vacuum, and the residue was redisolved in water (10 ml 
Synthesis of trans-1-arylmethyl-2-chloromethyl-4-phenylpiperidine-4-carbonitriles 11. As a representative example, the synthesis of trans-1-benzyl-2-chloromethyl-4-phenylpiperidine-4-
carbonitrile
Synthesis of ammonium cis-1-(4-chlorobenzyl)-2-hydroxymethyl-4-phenylpiperidine-4-carboxylate

To a solution of cis-1-(4-chlorobenzyl)-2-chloromethyl-4-phenylpiperidine-4-carbonitrile
Synthesis of trans-1-(4-chlorobenzyl)-2-chloromethyl-4-phenylpiperidine-4-carboxylic acid 15. To a solution of trans-1-(4-chlorobenzyl)-2-chloromethyl-4-phenylpiperidine-4-carbonitrile (1.4 mmol) 11c
in water (5 ml) was added 3M hydrochloric acid (1.62 ml) and 6M acetic acid (3.42 ml). The mixture was placed in a 80 ml sealed glass vessel, provided with an appropriate stirring bar and subjected to microwave conditions (150°C, 1h40 hour). Afterwards, the solvent was evaporated under high
vacuum, affording trans-1-(4-chlorobenzyl)-2-chloromethyl-4-phenylpiperidine-4-carboxylic acid 15
in good yield and high purity (> 95% based on NMR analysis). trans-1-(4-Chlorobenzyl)-2- 
Synthesis of trans-1-(4-chlorobenzyl)-5-phenylazepane-3,5-dicarbonitrile 18. To a solution of trans-
1-(4-chlorobenzyl)-2-chloromethyl-4-phenylpiperidine-4-carbonitrile 11c (0.5 mmol) in DMSO (10 ml) was added potassium cyanide (1 mmol, 2 equiv), and the resulting solution was heated at 120°C for 1 hour. The reaction mixture was poured into water (10 ml) and extracted with Et 2 O (3 × 10 ml). Drying 6.21; N 8.22. Found: C 70.69; H 6.44; N 8.05 .
Synthesis of trans-1-(4-chlorobenzyl)-6-hydroxy-4-phenylazepane-4-carbonitrile 27. To a solution of
trans -1-(4-chlorobenzyl)-2-chloromethyl-4-phenylpiperidine-4-carbonitrile 11c (0.95 mmol) in ethanol (10 ml) was added sodium acetate (1.9 mmol, 2 equiv), and the resulting solution was heated under reflux for 13 hours. The reaction mixture was poured into water (10 ml in MeOH, after which lithium hydroxide (1.3 mmol, 2 equiv) was added and the resulting solution was heated under reflux for 1 hour. Afterwards, the reaction mixture was poured into water (10 ml) and extracted with Et 2 O (3 × 10 ml in dry THF (10 ml), LiAlH 4 (1.2 mmol, 2 equiv) was added and the resulting solution was heated under reflux for 2 hours under nitrogen atmosphere. The reaction mixture was poured into water (10 ml) and extracted with Et 2 O (3 × 10 ml hours. The reaction mixture was poured into brine (10 ml) and extracted with CH 2 Cl 2 (3 × 10 ml).
Drying (MgSO 4 ), filtration of the drying agent and evaporation of the solvent in vacuo afforded tertbutyl 2-(4-methylbenzyl) -5-phenyl-2,7-diazabicyclo[3.3.1] nonane-7-carboxylate 30, which was isolated in pure form by means of column chromatography on silica gel (hexane/EtOAc 3/1). tert- H 9.15; N 9.08. Found: C 81.95; H 9.32; N 8.98 .
